Abstract. Magnetic field measurements made by submersible define the cross-sectional geometry of a magnetic polarity reversal boundary and the vertical variation of crustal magnetization in upper oceanic crust. Measured polarity boundaries show a systematic pattern of shallow dip towards the spreading axis within the upper extrusive lavas, and steeper dip in the lower extrusive lavas. This geometry is a consequence of the emplacement of extrusive lava at a midocean ridge. Reversal boundary geometry and magnetization estimates are used to calculate the magnetic contribution of the extrusive lava sequence to the overlying marine magnetic anomaly signal. From the forward modeling, the highly magnetized extrusive lavas contribute the majority (50-75%) of the observed sea surface magnetic anomaly, consistent with the extrusive crust forming the primary source layer for young marine magnetic anomalies.
Introduction
A cornerstone of plate tectonic theory is the Vine and Matthews [1963] hypothesis, which states that coherent marine magnetic anomalies are a record of the recurring polarity reversals of Earth's magnetic field preserved in oceanic crust by seafloor spreading at midocean ridges. While the spatial variation in magnetic anomalies has been used with great success, the vertical distribution of magnetization within the crust and the relative contribution of each stratigraphic layer to the anomaly signal has remained a topic of considerable discussion [e.g., Talwani et al., 1979; Harrison, 1987] .
Oceanic crustal drilling directly samples the vertical dimension, but has been limited by a lack of significant basement penetration, poor core recovery, and ambiguous directional information [Talwani et al., 1979] . Early drilling results from the Atlantic found multiple magnetic reversals within the extrusive lavas suggesting significant overlap of magnetic reversal boundaries that reduce the effective contribution of the extrusive layer to the overlying anomalies [Johnson and Merrill, 1978; Talwani et al., 1979] . Overlapping polarity boundaries highlight the importance of spatial variations in crustal magnetization, a circumstance for which single hole drilling is poorly suited. While the shape and transition widths of sea surface and near-bottom magnetic anomalies provide informa- tion on the lateral extent of magnetization and have been used to hypothesize dipping polarity boundaries within the crust [Atwater and Mudie, 1973; Blakely and Lynn, 1977; Cande and Kent, 1976; Arkani-Hamed, 1988; Wilson and Hey, 1981] , these measurements are nonunique and provide no constraints on the vertical polarity structure of the crust. By combining magnetic field measurements at several levels, including outcrop polarity measurements, a strong case was made for the dip of polarity boundaries towards the spreading axis within the extrusives [Macdonald et al., 1983] . Conceptual models of the geometry of a polarity boundary provide an interpretational framework [Kidd, 1977; Schouten and Denham, 1979] , but prior to this study, no direct observations have been made of the threedimensional cross-sectional geometry of a magnetic polarity reversal boundary in ocean crust.
Data Collection and Analysis
We used the submersible ALVIN to collect near-bottom magnetic profiles up a steep scarp face that exposes upper oceanic crust of Jaramillo chron age (0.99-1.07 Ma [Cande and Kent, 1995] ). The survey focused on the Blanco Scarp at the western end of the Blanco fracture zone (BFZ) in the northeast Pacific (Figure 1 Observed total field magnetic anomaly profiles plotted versus depth and phase-shifted (70°) to remove the skewness due to the sloping scarp geometry and magnetic inclination.
fracture zone crust by a steep (~40°), south-facing scarp [Embley and Wilson, 1992] . The 2.3 km high Blanco Scarp cleanly truncates well-defined, highly-lineated Brunhes and Jaramillo magnetic anomalies that formed at the Juan de Fuca spreading center ( Figure 1 ). Submersible observations of the scarp face reveal that the exposed extrusive crust can be divided into a relatively intact, undeformed section of pillow lavas that overlies more massive and strongly jointed basalt lava with crosscutting feeder dikes. An intrusive diabase sequence underlies the extrusive rocks but is obscured by talus, except towards the eastern end of the study area [Juteau et al., 1995] .
Magnetic field data were obtained using a 3-axis fluxgate magnetometer attached to ALVIN (Figure 2) . A deep-towed magnetometer profile was also obtained across the top of the scarp, to tie the ALVIN profiles to the overlying sea surface anomalies ( Figure 1 ). The observed three-component magnetic field data were first corrected for the magnetism of ALVIN using a Nelder-Meade minimization approach [Tivey, 1996] . Calibration by spinning ALVIN in the water column indicates its 2000 nT field can be corrected to an accuracy of ~200 nT, trivial relative to ~10,000 nT anomalies that mark the polarity boundaries. Total field was then calculated from the component data and corrected for the 1995 International Geophysical Reference Field [IAGA, 1996] for the area. Subsequent analysis of the ALVIN magnetic profiles treated the horizontal layering of oceanic crust as dipping 40° relative to the observation plane and subparallel scarp face [Tivey, 1996] . This angle of the source bodies, treated as a semi-infinite slabs, generates a phase shift exactly as if the observation plane had been horizontal and source slabs had been dipping. Inversion for magnetization used a modified Fourier transform approach for the analysis of dipping tabular bodies, assuming the source extends to infinite depth with an average distance from the sensor to the scarp face of 5 meters (Figure 3) [Tivey, 1996] . A short-wavelength filter cutoff of 100 m was used to filter out high frequency anomalies contaminated by bathymetry sources. No corrections were made for talus, which is assumed to be non-magnetic due to the random orientation of blocks, however, talus does attenuate the magnetic signal by placing the sensor further from the source. Figure 3 shows the upper limit of the main talus fan, which is thought to progressively mask more of the extrusive layer towards the western edge of the survey. The zero-level of the profiles are defined by adjusting the DC-level of the magnetization contrast at the top of the scarp to obtain zero magnetization for seawater. The zero-crossings define the boundaries of the main positive and reverse polarity chrons in the magnetization profiles (Figure 3) . We have interpreted only the main reversal patterns that correlate laterally between profiles, because small local anomalies are either associated with dikes, which can have opposite polarity to the host extrusives, or are due to tectonic complexity such as faulting. We tested for two-dimensionality of the main anomalies utilizing the three-component magnetic field data corrected for submersible orientation [Rutten, 1975] . A minimum amplitude in the components parallel to scarp face is obtained parallel to the strike of the assumed source bodies and scarp azimuth (110°). Also, a good match between the scarp-perpendicular component and the transformed trackparallel component confirms that the major anomalies are gen- erally two-dimensional perpendicular to the profiles (i.e. along the scarp face).
Results
The magnetic results show a remarkably coherent picture of the horizontal and vertical magnetic structure of upper oceanic crust. Magnetic polarity boundaries of the normal Jaramillo chron systematically dip towards the spreading axis with a shallow dip (< 5°) in the upper 150 m of extrusive crust and steeper dip (30° to 45°) in the lower extrusives (Figure 3) . The shallow-dipping polarity boundaries occur within the undeformed and recognizable pillow lava section, while the steeplydipping boundaries occur within the more massive and tectonized lower extrusives. This suggests a genetic link between lava emplacement and polarity boundary geometry as suggested by others [e.g. Atwater and Mudie, 1973; Kidd, 1977; Schouten and Denham, 1979; Macdonald et al., 1983] . The total horizontal extent of the dipping polarity boundaries for both the young and old edge of the Jaramillo chron is ~3-4 km, with the largest proportion (3 km) occurring within the shallow upper lava sequence.
Magnetization is highly variable within the extrusive lavas, varying from zero to ~20 A/m, but averages ~12 A/m over the entire extrusive lava thickness, consistent with paleomagnetic rock measurements [Tivey, 1996] . Our magnetization estimates of the underlying intrusive dikes are not well-constrained because of talus cover, but appear to be an order of magnitude less [Johnson and Salem, 1994] . Also, while lateral variability in polarity structure is correlatable at ~0.5-1 km profile spacing, magnetization intensity appears to vary on a smaller lengthscale and is likely to be ultimately of a fractal nature [Tivey, 1996] .
The mean magnetization and mapped polarity boundary geometry (Figure 3) can be used to model the magnetic field anomaly and estimate the contribution of the extrusive lavas to the overlying sea surface magnetic anomaly signal. We used a two-dimensional (2D) polygon routine [Won and Bevis, 1987] to calculate the magnetic anomalies at both deeptow (-2.1 km) and sea surface levels using the mapped geometry and estimated magnetization intensity. The forward model assumes source bodies that extend to infinity perpendicular to the profile. The boundaries of the Jaramillo polarity are well-defined by our submersible profiles, but the adjacent Brunhes anomaly boundary is not well-known. We used two previous profiles (BN18, BN19) from Tivey [1996] and assumed the Brunhes boundary had a geometry similar to the Jaramillo for the forward modeling (Figure 3) . We compared the calculated anomalies with the observed deeptow anomaly and a representative sea surface magnetic anomaly profile 5 km north of the scarp, well away from any topographic edge effects of the scarp (Figure 4 ). Initial calculations, using only the extrusive crustal section exposed above the talus fan (Figure 4) , produced anomalies only 50% of the observed sea surface amplitude. To correct for this discrepancy, we assumed that talus conceals the extrusive base at the western end of the survey and extrapolated the reversal boundaries to a source depth of 3400 m depth, producing approx. 75% of the amplitude of the Jaramillo anomaly observed at both the deeptow and sea surface level and closely approximating the position and shape of the observed anomalies (FigFigure 4 . (a) Magnetization polarity geometry ( Figure 3 ) used in forward model of magnetic field. Magnetization is 12 A/m, J is Jaramillo and B is Brunhes chron. Computed magnetic field for exposed layer 2A thickness (dotted) and full layer 2A thickness (solid) compared to (b) the observed deeptow magnetic profile at -2.1 km depth (dashed) and (c) observed sea surface magnetic anomaly (dashed). gure 4). This result indicates that the extrusive lavas, although highly variable in magnetization intensity, nevertheless constitute the primary source of the sea surface marine magnetic anomaly signal. The old edge of the Jaramillo anomaly shows a slight discrepancy in shape compared to the observed anomaly (Figure 4 ). This may be related to complexities in the vertical magnetization pattern and faulting at this location. The dip of the polarity boundaries suggests that the lower extrusive section contributes the greater proportion of the magnetic anomaly source because the polarity boundaries have steeper dip and greater effective magnetization contrast compared to the shallow dipping polarity boundary in the uppermost extrusives.
The change in slope of the polarity boundary from shallow to steeply dipping and the corresponding lithologic break between the upper and lower lavas can be explained by a bimodal lava emplacement process [e.g., Schouten and Denham, 1995; Hooft et al., 1996] . Lavas erupted and deposited directly on-axis are rapidly buried and intruded by dike feeding subsequent eruptions and form the tectonized lower lava sequence. Lava deposited 1 to 2 km off-axis, either by eruption off-axis or by lateral transport of lavas from the axis are relatively undeformed and comprise the upper lava sequence. The deposition of offaxis lavas has been suggested as a mechanism for the near-axis increase in thickness of layer 2A [Christeson et al., 1994] . If this model is correct, the transition width of the shallow dipping polarity zone (3 km) can be interpreted as the approximate maximum distance that lavas can flow from the spreading axis or can be erupted off-axis. The lower lavas have a narrower transition width (1 to 2 km) which reflects the half-width of the axial rift valley, consistent with the present-day Juan de Fuca spreading axis [Tivey, 1994] . The transition width of the lower lavas is also comparable to previous studies at similar spreading rate midocean ridges [e.g. Atwater and Mudie, 1973; Macdonald et al., 1983] , while the wider transition in the upper lavas suggests a greater variability in the emplacement of offaxis flows possibly due to local topography.
Conclusions
Submersible magnetic profiles of an exposed crustal section show that the horizontal variation in crustal magnetization as a function of depth can be mapped and directly related to the overlying lineated anomaly signal measured at the sea surface. Dipping polarity boundaries within the extrusive sequence are compatible with the location of Jaramillo normal polarity chron. Polarity boundaries have a shallow dip within the upper undeformed pillowed lavas and a steeper dip in the underlying massive and tectonized extrusive lava sequence. From forward models, using the mapped geometry and measured magnetization intensity, we find that the extrusive lava sequence generates sufficient magnetic anomaly amplitude to account for the majority (50-75%) of the observed sea surface magnetic anomaly signal. Intriguingly, the remaining source (25%) must be accounted for by deeper crustal units, either within the dike or gabbro sections. We conclude that for young crust (~ 1 Ma), the extrusive lavas form the primary source of the marine magnetic anomaly signal.
